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suMMhRY
A thecmeticalnalysisofthehovering
Vel”ioldsCclllbinationeoftwistandP1-fm’m
perfromanceof
taperwaEmade
rotorshaving
incinderto
--
est3matetheeffectsofbladeImis;andtaper‘mrotoreffioienoyin
hovering.Theceloulaticmsweremadewith-theaidofa stripan&is
ycceduresimilertothatusedin~opelleranalysis,thecomparisons
beingmadefarrotarsofequalsolidity.Thesolidityofthetapered
bladeswascomputedbymeansof’anequivalentohordwhichwasderimdby
. weightingthevaluesof chcmdat eachWade elementaccordingtoths
squareof itsradiald%mtance.
. TheresultsIndicatedthat-attypicaloperatingthrustcoefficient%
theadditionoflineertwistoftheorderof-8°to-12°torectangular
bladeshewing0.060soliditymaybe expectedto increasetherotorthrust
atfixedpowerby apprm3mately3 tok percentor,ifthebladesere
initiallytaperedwitha ratioof rootchordto tip chordof 3, by approxi-
mately2 to 3 percent.An increaseinthrustofabout5 percentis indi-
catedfora combinationf-8°or–12°twistanda taperratioof 3 to 1.
Anadditional*percentgainis indicatedifa nonlinearoptimumcmibi-
naticnoftwistandtaperisused.
Ruminationoftheeffectsofamcderatechangeinsolidityandof
theuseofpartialratherthanfulltaperindicatedthatthesefactors
didnotsignificantlyaffecttheprecedfngresults,whenthesameamciiiits
“oftwistandtaperwereinvestigatedovertheseinethrust-coefficient
range.
m’ImDucmoN
Wthodsfortheimprovementofrotm?hoveringperformancearebeing
sought,especiaUyinrelationto thecurrentinterestinlarge,slm
.
moving,loa&cerryinghelicopters.me selectionoftheblad+pitch
distributimandplenfcrmthatwouldyieldthemadauunrotmthrustfcm
W a givenpowerinputappearstobe eneffecti~e‘kndrelativelyin~ensive
...
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weyofachievingthisend. Theimportanceofa percentageincreasein
thrustismoreapperentwhenitisrealizedthat,withthecurrentratio
of’peyloadto grossweight(approx.20percent),thepercentageincrease
in peyloadisapprcdmatelyfivetimesthepercentageincreaseinthrust.
Becausetheimprovementsinrotorhoveringefficiencyduetoblade
twistandtaperappeartobe oftheorderof5 percent,carefulexperi-
mentalinvestigationsereneceesarytomeasuretheseeffects.Itwas
therefcmeconsidereddestiableto investigateheinfluenceofblade
geometryby thecu%tioalmthaisinorderto aidfntheplsmn~ end
interpretingofemrimntel investigations.Standardmethodsofpro-
pellerstripanalysiswereusedindeterminingtheeffectofcombinations
oftwistandtaperapplicabletohelicopterrotors, SIKItheresults of
theinvestigationareyesentedherein.Itisimpartanttonotethatthe
comparisonsweremadefcrrotam ofequalsolidity,thesolidityofthe
taperedbladesbeingcamputedbymeansofan equivalentchordwhichwas
oderivedbyweightingthevaluesofchordateachbladeelementaccmding
tothesquareofitsradialdistance.Differentresultswouldbe shown
fortheeffeotsoftaperiftherotorsoliditywerecomputedona
differentbasis,for exsmple,astheratioofbladeereatorotor-disk
.
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,
blade,pounds
feet
velocity,radianspersecond
massdensityofair,slugspercubicfoot
thrustcoefficient(T/@2P(QR)2)
i@uoedrota tcaque,poud+feet
rotcmprofile+regtorque,pound-feet
totalrotortorque,pound-feet(Q-i+ ‘%)
radialdistanceto a bladeelement,feet
ratioofblad+elemntradiustcrotor-blader~dlus(rfi)
.NACATNNO.1542
c
b
a
v’
a
%?
e
9
Slmsoript:
T
blade-section
.
cha’datradiusr, feet()RL cr2drequivalentblade chord,feet ~/)r2 &
nwber ofbladesperrotor
()bcerotorsolidity—XR
3
solldityofa bladeelementat a radhl distancex
-()
lg
fnducedinflowvelocityatrotor,feetpersecond
slopeof ourveofsectionliftcoefficientagainstsection
angleofattack(radianmasure),assumedtobe 5.73
blad~ecticmangleofattackmeasuredfrcenzer-liftlhe,
radians(e-~)
sectionliftooeffioient
sectionprofile-dragcoefficient
mefficientsinpowermrles expessingCd. asa tiction
of % (c~=%+%+%%z)
bhd~eotion pitohangleJMasuredfromlineof zero
lift,radians
inflowengleatbladeelmnt, radians [*-.*)
valuesatthebladetIp
KETEUDOFANAIXSIS
Thestripanalysismethodusedhereinissimilartothemethodgiven
inreference1 fm useinpropelleranalysis.A summaryofa simplification
oftheanslysisasappliedto a helicopterrotorfollaws.
4.
Thethrustperunitofbladespan
assumptionsprevailinginrotortheory
NACATNNO.1542
msybe expressedwiththeusual
incoefficientformas
acm .
Therotor
butions.
torqueiscomposedoftheinducedand~ofile4ragomrtri-
Theinducedpart,orthetarque duetotheccmmonentsofthe
liftvectcmsintheplane
can
the
ofrotation,‘iswrittenas -
the_gmofile4ragcontrlbutimis
(2)
(3)
Thethreeunknownsinequations(1)to (3)s~ly, fJx,@S@ ~S
be determinedfromtheknuwngectmetricailaerodynamicpropertiesof
blsdebyMans ofthefollowlngrelationships:
)1
(4)
(5)
(6}
A moregeneralexpressionfor@,coveringthevertical+limbconditions.
wasderivedInreference2. — .
Forthecalculationsthatfollow,thebladesectioncharacteristics
areassumedtoberepresentedbythefolluwingfcmnulas:
cl=%
= 5.7-
cd.= 80+ bl~ + t32~2
= 0.0087- O.mq +o.4oC# (8)
Equation(8)istakenfhmmreference2 andrepresentsthesection ~ofile-
dragcoefficientforconventionalsemiamoothairfoils(dragofsmooth
airfoilsincreasedby a roughnessfactorof17percent).Theequation
(7)
.
.
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yieldsa minimumprofile4ragcoefficientof 0.0094andisrepresentative
ofwell-builtplywood‘blades.Theuseof a differentdragpdsr inthe
Gsis wo~d not-bee-ct~ to *feet theorderof_itude ofthe ....
effectsoftwistendtaper.
—
Equations(1)to (3) weregraphicallyintegratedto obtainperformance
curvesof &f againstCQ foreachofthebladesinvestigated.
Ideallytwistedblade.-IdeaItwistisdefinedasthetwistthatwould
wcduceUnifqminflowand,consequently,minimuminducedlossesif.the
rotationallossesareignored.3eingverysmall(oftheorderof 1 percent_
forrotors),rotationallossesexenotconsideredinthe~~sis. The ‘-
specialcaseofa rectangularbladehavingidealtwistissuchthatits
performancecanbe e~licitlyexpressedina simplefashion.Theexpression
obtainedfromequation(KL8)ofreference2 is
c3/2cQ=*+sn +2_cT+qcT25180313 aa (9)
~
.-Theoptimumblademaybe definedas a bladethat
willPoducea g venthrustfortheleasttotalpowerrequired.~
practice,a bladethatapproachestheoptimm Is one that hasunifom-i~-luw
overthediskandeachsectionofwhichisoperatingattheangleofattack
thatresultsinthelesstwofile-draglosses.Sucha configuraticmwould
be expectedtobe closetotheoptimumoverthenwmal operatingrangeof
thrustcoefficientsbecauseinthisrangetheinducedlosses”erea large
percentageofthetotallosses.It isshownintheappmdixthatthetwist
andtaperofarotcmhavingbothminimuminducedandpro.file+ira.glosses
areasfollows
e=++&
}
(lo) ‘
c=~
where ~ and v areconstantby definition.me performanceofthe
optimumblade(derivedintheappendix)canbe expressedby
CT3/2 -
CQ=~ ‘;cdo
. .
(11)
Tip-losseffects.-Thetheoryused,liketheordinsryvortextheory,-
iebasedonthe aseumticnof an infinitember ofbladesfij therefore~
neglectsbladeinterferenceor “tip-loss”effects.
.
Theeffectofthetip-
10SSonthecomparativehoveringwrformanceofthevarious designs .
investigatedinthispayerwa8studiedby recalculatingtherotorperformance-
.
of several representative bladeconffguraticmsby themthod ofreference1,
whichticludestheGoldstedncorrectiontothevortextheory.Thesample .
studiesindicatedmat, thoughtieassumptionofan hfinitenumberof
Wades overestimatedthecalculatedthrust.atfixedpowerby a msxlnnmof
a~roxhately3 percent,no effectcouldbenotedm thecompez’ative
performenceof thebladesinvestigated.Thisconclusionwouldprobably
be Invaltdif thethrustloadingof thedesignsinvestigatedtiffered
considerablyfromtheoptinumloaittng,whichis theloadingthatwillyield
mtn@umInducedlosses.Thethrustloadingsof tierelativelylightly
loededhelicopterzmtorsinvestigatedarenotconsideredtoddffersufficiently
frcnntheopttmmntoaffect heane3ysis.me designsinvestigatedfell
wellwithinthelimitsofapplicabilityofGoldstein’scorrectionfactor
asdiscussedinreference3.
SAMPLECONFIGURATZORS
Thecombinationsof twistandplan-fozmtaperof thebladesinvestigated
aretabulatedasfolluwe:
‘-” “–~
Blade I Bladetwistsolidity (@g)
0.060
l042
-:
-32
Ideal
Ideal
-:
-E!
Ideal
Ratioofrootchord
to tip chord
lsnd3
lend3
lend3
Optlruunl;IAnfoznl
lsnd3
land3
land3
1
Theqamuntoflinesrtwistis indicatedby thewashout,whereasldne~
taperisindicatedby tieratioofroot&ord totip&ord.
RESULTSANDDISCUSSION
Rotorinducedlosses,whichareof theorderof 80percentof the
totalpawerexpendedinhovering,em a minimumfora given~t when
thethrustdistributicmissuch that the rotor inducedvelocityisunifonu
acrossthedisk.Theinducedlossesofa rotorforwhichtheinduced
.
.
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velocityticz%aseswiththeradius,‘asis thecasewitirotorsh5v3ng
unWstid rectangularblades,maybendnimizedby increasingtheload
camiedby theinner~artof theblade.Thiseffectcsr.be accomplished
by twistingtiebladesothattherootendoperatesathigherpitche@Les
tiandoesthetip(washout)or taper@gthebladetipleAfomnso that
therootchoM is @?eaterthenthetipchord.
.-
Althoughprofile-draglossesezwofless@rtsnce theninduced -
lossesoverWe greaterpartof thenormaloperatingrsngeof Wt
coefficients,theseinexpedientsoftwistsmdtaperarebeneficialwith
respectothereductimofprofile-draglosses.mis Ccalditicnresults
frcmthefactthattheprofil.e-draglossesaredepentlsnton tiecubeof
tieblade-sectionvelocity,whereasthethrustvariesas thesquareof
thevelocity;thus,itisadvantageousforthethrusttobe producedby
tielow-velocitysections.
Thediscussionof theindividualeffectsof twistandtaperthat
followarelimitedtoa solidityof 0.060.me extanttowhichthe
conclusionsareaffectedby a chsngein solidityis discussedhereinafter.
Effectof twist.-Themamnerinwhichtwistaffectstheinflow
distributionaudthebladeloaUngIasrepresentedby thesectionsngl.es
ofattack)of enuntaperedbladeoperatingat a representativethrust
coefficientof0.0056isshowninftgure1. Theinducedvelocitiesand
sectionanglesof attackareplottedagainsthesquem of theradius
inordertoputproperemphasisaneachbladeelementinasmuchas the
thrustcontribution?eachelementvariesas thesquareof tiesection
velocity.Thefigureindicatesthattheapplicationf increasingeammts
ofMnear twistapproachtheeffectsproducedby tdeelWish in that
boththeinducedvelocityandthebladeloadingareincreasedneerthe
inbosrdendof We blade.Altiou@theeffectsof twistam suchthat
themeximumsectionangleof attackoccurringon We bladeis increased,
tieeffectsofbladeSW a?.%minimizedinasmuchse theradial&Lstice
of themaximumangleofattackis decreased.
me reductionin inducedandprofile-draglossesthat~ be reslized
witha moreuniform-inflowdistributionmaybe seenfrm figure2, in
whichbothinducedandprofiletorquecoefficientsm plottedovera
-e of ~~t ~fficientforuntapredbladeshavingvexiousealounts ‘
of %st. ThefigureinMcatesthattwistisbeneficialinreduc~ rotor
lossesovertheq of thrustcoefficientabovetheconventionalminimum
(thatis,above ~ Z O.0030)althoughthenetch~ inprcfile~
lossesappearsinsignificant.Asmightbe expectad,twistis detrtmen~ -
at thrustcoefficientsnearzeroinaamuchaslossesareincurredinpro-
ducingnegativethrustovertheouterpartof theblades.Theoptinnm
emountofMnear twistwouldconsequentlydecreasewithloweroperating
thrustcoefficients.
It shouldbe notedinfigure2 thata lineartwistof -12°accc@lishes
mostof thereductionofinduced10Ssmadepossibleby ideal.twist,and
8 WA TNNO.l~h$?
.
ytelds;at thesametim,.analmostfdenticalprofile- lossovertie
nomal opemtingrange.A fewdegreesmoretwistwouldprobablyproduce
slightlybetterresultssbut-twistverymuchabove12°%muldbe excessivec .
-ger amountsof twistwouldalEobe-es&able h otherflightmnditionu.
Theeffectsof twistIllustratedthusfsrresultintheccmperatdve
performanceshowninfigure3 ofthetwistedUntaperarotors.Thecurves
arecomparedin thefigurewi~”a curverepresentingtheperfo~ce of
a rotorhavingminimmuinducedloss(unifozminflow)andzeroprof’iledrag
In order to detezmlnethe extenttowhichtieidealrota?canbe approached
bypmcticaldesiggm.The61@imnt results*am thefigureare
Emmmrizedin tiefollowingtableswhiohgivesthepercentageincrease
Wt duetobladetwistatfixedpower:
Bladetwist Bladetaper
(dog) (ratiofrootchordtotipchord)
~
cQ=0.000261CQ=o.000b4I
1 .- --1 1 2
-12 1 3 z
Ideal 1 5 5
ThetorquecoefficientswerechosentocorrespmdtQ ~ = O.00k0end
~ = 0.0060fortheuntwistedblade.
Effectoftmer.- Thecheagesinrota performancebro@t about
bybladetaperam simflarto thechangeseffectedby twist,in thatWe
largerchordat theinnerpm?tof thebladecausesa moreuniform-inf~ow
distribution. Thesepsratebeneficiad.effectsof taperon theinduced
andprofile-draglossesofuntwistedbladessreshowninfigure4 and
tieover-alleffectisshowninfigure5. Theccncluei-tobe dram from
thesefiguresregivenin thefoldmwlngtible:
~creaseinthrustfrom
Bladetwfot Bladetaper untaperedblede
(deg) (ratiofrootchord (percent)totIpchord) CQ . 0.00026CQ= 0.00044
o“ 1 ,-- --0 3 2 3
An increaseof severalperoentinhoverLngperfoznmacemaynot
Justifytheadditionalproductionoostsof taper?.ngthebladesusedon
in
.
.
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smallhelicopters,especiaJJywhenthebenefitsof twistcanbehadatno
titional productioncosts.Evensmallefficiencygains,however,-exe
slgyificantwithlargehelicopters,endthe&peringoflarge-dianeter
bladesappearshighlydesirableforstructumlreasons.
Effectsof combinedtwistendtaper.-&sign considerations* it
lntirest3ngtodeteminewhetherthefullPetiomencegainsdueto twist
or taperarerealizedwhenbotharepresent.Thepetiormenceofblades
havtmgbotitwtstend,&Perwerecalculated=d plottedtifigures6 and7
forcomycrismwithfi~s 3 and!5swhichshowtheeffectsof twistend
taperactingseparately.me comparisonis summarizedin thefollowing
table:
Bladetaper !13nnzstIncreaseBladetwist
(deg) (ratiof rootchoti
(percent)
totipchord) CQ = 0.00026 CQ=0.0044
r
I Effectoftwist;withoutaper I
I Effectoftwistjwithtaper I
-- --43:-~ : 3 2
Effeotoftaper;withchzttwist
o 1 -. --
0 3 2 3
I Effeatoftaper;withtwist I
1 -. -.
.gA*-E 3 1 1’
Theincreasein12must obtainedwitivartouscombinationsofblade
twistendtiperaa ccmparedwiththe12mustof anuntwistedrectea$ular
bladeis shownin thefollo%nbgtable:
--—
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Blade llmreaseinthrustfromuntwisted
Blade taper untaperedblade
twist (ratiof (percent) .
(deg) rootchcnxlto
tipchard) CQ= 0.00026 CQ= omOC1044
1 ---
4
---
5 !5
-12 : 5 5
Ideal optimum 7 7
Effectofsolidityonthebenefitsoftwistandtaper.-b cwder
todeterminetheextent o.whichthebenefitsoftwist~ tapercanbe
obtainedwithrotorsoflowersoliditythanthe0.060soliditytreated,a
similarenalysfs,coveringequal exaountsoftwistandtaperaswellas
thesamethrust-coefficientrange,wasmadefora rotorhavinga
solltityequslto 0.042.Theresultseresummarizedby thehoveri~
performanceurvesoffigures8 and9. A comparisonofthesefigures
withtheequivalentfiguresfortherotorof 0.060solidityshowsthat,
ingeneral,theseineresultswereobtainedwithbothrotors.
~ect of~tls.1taDer.-In conventionallytaperedrotorblades,
thetaperusually extendsfrom the ‘tip to ap~aximatelyone-hkdf’ofthe
radius,theremainderw inboardpat beingrectangularinplanform.
Inorderto determinewhethertheuseofpertial,ratherthanfull,
taperresultedina lossofhoveringefficiency,theperformanceofa
bladetaperedoveriteouterhalfandhavinga ratioofrootchordto
tipchordof 3 to 1 ( therootchordbeingCS2culatedby extendingthe
leadingandtrailingedgesofthetaperedparttotheroot)was
calculatedandcomparedwiththeperformanceofa fullytaperedblade
havingthesametaperratioandsolidity.Littledifferencew sfound
toexistbetweenthetworotors,probablybecausetheouterandmore
importantpertofeachrota wastaperedintheSaUMmanner.
Referencetofigure10showstheinflowdistributiond thepower
10SS”O2boththeps&iallyandfullytaperedrotorsopmatingat the
samethrustcoefficienttobe similar,whichfurther
thisconclusion.
CCINCLUD13VGREMARKS
substantiates
Thefolluwingremerksarebasedona theoreticalnalysismadeof
theeffectsofbladetwistandtaperonthehuveringperfcmmanceof
rotorshavingsolidifiesof 0.060and0.0$2,thesolidifiesofthe
taperedbladesbeingcomputedbymeansofanequivalentchord.
,
.
,
.
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Theadditionofline= twistoftheorder
rec”tengularbladesmaybe expectedto increase
therotoratfixedpowerby approximately3 to
SL
of -w to -120to
thethrustprcducedby
k percentor,ifthe
bladesareinitiallytaperedwitha ratioofrootchordtotipchord
of 3jby approximately2 to 3 percent.An increaseinthrustofabout
5 percentis indicatedfora combinationf -@ or -12°twistenda
taperratioof 3 to 1. An additional2-percentgaih~ghtbe realized
by theuseof a nonllnearoptimmncombinationftwistandtaper.The-
use ofa moderatelylowersolidityandpartialinsteadof fulltaper
wouldnotbe expectedtoaffectsignificantlytheprecedingconclusions
if similaramountsof twistandtaperexeappliedoverthesamethrust-
coefficientrange.
Zn connectionwiththeuseoftwistinbladedesis,itshouldbe
rememberedthatnegativetwisthasbeenfomd to improvetheefficiency
oftherotorinforwardfllghtaswellas inhoveringandmaybe
expectedto delaybladestallingathighforwardspeedsandadverse
compressibilityeffectsathightipspeeds.Bladestallingisdelayed
whentwistisemployedbecausetwistunloadsthetipsby reducingthe
tipanglesof attack.Compressibilitylossesaremimimizedforthe
samereaso~inthatthecrtticalMachnuni%erofthebladesectionis
increasedatreducedliftcoefficients.
LangleyMemorialAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics
LangleyField,Vs.,October9, 194.7
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APPENDIX
-DERIVATION(R?EERFQRMIU?CEEQUATIONF~ OPTIMUMROTQR
Theoptimmnrotorforhoveringiscloselyapproximatedby one
Whfchhasa uniforminflowoverthediskandwhichhasallitssections
operatingat a constantsngleofattack.
In hovering,theblade-elementpitchIs
!9=++$
(1)
Thepitchdistributionfortheoptimumrotoristhusccnuposedof
twoparts:a constantpart,~, end a variablepart, #, which
variesinverselyas theradiusfora constantinflowv. The
differentialthrustona bladeelementis
dTl=* p(~)2q dr (2)
In ordertomaintain~ independentof r, thechordmustnow
be ad~ustedsothatuniformdownwashcanbe obtained.Thislatter
conditionexistswhen dT varieslineerlywith r, thatis, whenthe
thrustvarieslinearlyfromzeroat thebladeroottoa maximumat the
tip. (Suchloadingisassociatedwithuniformdownwashinasmuchas
themassofalrinfluencedby a bledeelementdependson theradial
pcsitionof theelement.Thus dT varies.linearlywith r when v
isconstantalongthespan.)
r-h,Cm’be
functionof r
seenfromequation(2)that dT canbemadea linea&
by letting
Rc=cT- r (3)
Substitutingequation(3)inequation(2)gives
(4)
Theformofequation(k) indicatesthatthebladeisproducinguniform
downwash.
.
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Integratingequation(4)andmultiplying
by then~her ofb~adesb-
rotorresultsin
kpressed.in
where
T
noncllnwnslonal
TheInducedtorquemay
Qf =
togive the-t&~
MducedTorque
be e~ressedas
13
the resultingexpression
thrustproducedby the
(5)
(5)reducesto
Withtheappropriatesubstitutionfor c and #, equation(8)
afterintegrationbecomes
QI= f P(QR)R2CZ~V
ficoefficientfomn,equatfon(9)reducesto
cQ~ =
l’rcmomentumconsiderations
.—
(6)
(7)
(8)
(9)
(lo)
14
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(II)
Substitutingequaticau(6)md (II)intoequattm(10)gives the
t3~OSS~~ fOI? CQ1 fhd~ a6
@
cQi-x “
(12)
Profile-~ Torque
In a s=lar manner,theprofile-drag
= ~ P(mo%%q!odo
or,in nondimensionalform,as
torque~ be expreeaedas
&r
(13)
(14)
Withtheadditionofequations(12)and(14),theperformanceof tb
theopthumrotoris
In ordertocomparetheoptimumrotorwithotherrotorsofthe
samesolfdlty,Itisnecessary
solidityof sucha rotor.The
calculatedfrmnItsdefinition
todeterminetheconventionalweighted
equivalentchordoftheoptimumrotor,as
a dequation(3),is
‘0 = 49 (16)
SOthat
.
.
.
.
t7=@ (17)
..
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mm, intermsofweightedsolidity,eqution(U) b~~es
.—
.
.
.
.
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Figurel.- Effect of twiston spanwise
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Figure2.- Effect of twiston theinducedandprofile-drag losses of a rotor
havinguntaperedblades. u = 0.060.
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Figure3.- Effectoftwis’tontieperformanceofrotorshatinguntapered
blades. u = 0.060.
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i Figure5.- Effectof taperontheperformanceof rotorshavinguntwistedblades: u =0.060.
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Figure7.-Comparisonoftheperformanceoftheoptimumrotorwiththeperformanceof
rotors!havingbladeswith-12°twiet. u = 0.060.
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Figure8.- Effectoftwistontheperformanceofrotorshavinguntaperedblades. u = 0.042.
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Figure9.- Effectofbothtwistandtaperonrotorperformance.u = 0.042.
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Figure 10.- Effectofpartialtaperandillltaperonrotorinflowdistribution.
u q 0.042;bladetwist,-8°;ratiofrootchordtotipchord,3; CT= 0.0032.
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